Aerodynamic noise is a major source of wayside noise generated by high-speed railway vehicles, and thus it is important to reduce this phenomenon. For this purpose, a new aerodynamic noise reduction method that involves covering the surface of objects with particular porous materials has been developed. To verify its aerodynamic noise reduction effects, wind tunnel tests using cylinders and high-speed pantographs were conducted. Field tests using the high-speed pantograph were also conducted. The results indicated that aerodynamic noise generated from the cylinders and the high-speed pantographs was reduced by the application of porous materials, thus confirming the effectiveness of this method. An advantage of this method is that it is possible to reduce aerodynamic noise with little modification of object shape. Furthermore, separate wind tunnel tests also demonstrated the effectiveness of the method in reducing aerodynamic noise in combination with simplifying the shape to allow easier material processing.
Introduction
It is essential to reduce wayside noise along railway lines to enable the introduction of faster high-speed trains. Noise generates from various noise sources, such as rolling noise, concrete bridge structure noise, and aerodynamic noise. Aerodynamic noise generated from such trains becomes the major noise source in the high-speed range because acoustic power of this noise is proportional to the sixth power of the train speed, which is larger than other noises (1) .
Noise barriers are generally constructed along high-speed railway lines in Japan to prevent noise propagation from the lower part of the car body. However, these barriers have little effect in preventing noise from the upper part of the car body. Aerodynamic noise caused by pantographs installed on train roofs is one of the dominant sources of noise generated by high-speed trains, and its reduction has therefore become increasingly important.
There are a number of methods for reducing aerodynamic noise, one of which involves modifying the shape of the problematic structure. Aerodynamic noise is caused by unsteady vortices that occur in the flow (2) , and hence various structures with streamlined shapes that prevent unsteady vortex shedding have prevailed. Attempts have been made to modify the shape of panhead (part of a pantograph) (3) , and such efforts have demonstrated that a streamlined panhead shape is effective in reducing aerodynamic noise. Flow control is another vital method. Although the modification of structural shapes is effective in reducing aerodynamic noise, such measures are limited to a certain extent because of the various functions that must be maintained. Noise reduction has been achieved by covering the surface of the objects with fur materials (a technique based on the reduction of vorticity) (4) (5) . However, it is difficult, with the application of fur materials, to satisfy the requirements of durability against weathering in railway vehicles. Porous materials can be also applied besides fur materials for airflow control. Some studies have been conducted using porous materials to reduce aerodynamic noise generated by a fan blade (6) or an airfoil (7) (8) . These studies confirmed that aerodynamic noise reduction could be achieved by manufacturing the object using porous materials. We have proposed another approach, wherein only an object's surface is covered with porous materials, and this approach can be broadly applicable to high-speed railway vehicles. The advantage of this method is that the target object's shape requires little modification and its functionality is not affected because only its surface is being covered.
To investigate the effects of porous material coverings, we first applied them to cylinders and measured the aerodynamic noise generated using the wind tunnel tests. Next, we applied the materials to a high-speed pantograph and evaluated noise levels and noise source distribution using the wind tunnel tests and field tests. In these applications, the materials covered either the entire surface of the cylinders or a portion of the surface of the high-speed pantograph with little shape modification.
Although the principal advantage of this method is the minimal modification of object shape, a disadvantage is that it might be difficult to process porous materials to fit the shape of the object. Therefore, we investigated the possibility of aerodynamic noise reduction using simple object shape, such that the processing of the materials could be comparatively easy. We modified a part of the shape of another type of high-speed pantograph into simple shape and applied porous materials to it. We evaluated the aerodynamic noise generated only in the wind tunnel tests in the case of simple shape.
In this paper, we describe the results of these tests and discuss the effects of porous materials.
Porous materials
Several types of porous materials are used in industries, and it is possible to select structures and materials appropriate for various intended purposes. Porous materials are classified into open-cell and closed-cell types according to their structure, where open cells are mutually connected and closed cells are independent.
In this study, we selected open-cell type porous materials to reduce aerodynamic noise. We assumed that the closed-cell type would not be effective because flow cannot enter the porous materials. In our study (9) , we verified that this assumption is correct. The mechanism of aerodynamic noise reduction was also clarified by demonstrating that porous materials stabilize the unsteady vortices in the wake flow of an object, which are the cause of aerodynamic noise (9) .
Figure 1 presents enlarged views of two different open-cell type porous materials made of urethane and metal. These materials (porous urethane and porous metal) have an identical form referred to as a three-dimensional frame (net-like) structure, and apparently, the structure of these porous materials is a little different from the structure established in the previous studies (6) (8) . The porosity of the materials is more than 95 %, and the format "# + approximately eight, thirteen, and twenty cells are included per 25.4 mm (one inch), respectively. The materials of these numbers have almost the same porosity. The thickness of the materials can be freely selected, and is fixed as 5 mm or 10 mm in our study. These porous materials were applied to a cylinder and a high-speed pantograph. Porous urethane can be procured at low cost and is easy to handle, but has less durability against weathering. In contrast, porous metal is more expensive and is difficult to handle, but is preferable in terms of durability against weathering. Both types of porous materials were used to reduce aerodynamic noise in this study.
Aerodynamic noise reduction of cylinders

Cylindrical specimens
Seven types of cylindrical specimens (listed in Table 1 and shown in Fig. 2 ) were used in the wind tunnel tests described in this section. Types A and B are bare cylinders as shown in Fig. 2 (a) , and Types C, D, E, and F are covered with porous materials, as shown in Fig. 2 (b) and (c). The material of Types C, D, and E is porous urethane with different number of cells, and that of Type F is porous metal. The number of cells in this porous metal is the same as that in the porous urethane of Type D. Type G is a cylinder covered with fur material, as shown in Fig. 2 (b) and (c). The fur material's fiber diameter is approximately 10 μm, and its area density is approximately 500 fibers/mm 2 (5) . The diameter of Type B corresponds to the outside diameters of the cylinders with porous material and fur material. 
Experimental apparatus
We conducted the wind tunnel tests in the large-scale low-noise wind tunnel of the Railway Technical Research Institute (10) . The test section is open type and is located in an anechoic room. The nozzle size is 3 m in width and 2.5 m in height; the maximum flow speed is 400 km/h (111.1 m/s). The background noise level is 75.6 dB(A) at 300 km/h (83.3 m/s), which is measured at a point 3 m downstream from the center of the nozzle and 4.5 m distant horizontally from the center line of the nozzle (10) . UC-31) at a position 5 m away from the specimen. In this wind tunnel test, two-dimensionality of flow collapsed because no end plate exists on the cylindrical specimen. Figure 4 shows a comparison of the aerodynamic noise levels generated from each cylindrical specimen (1/3 octave band analysis). Types A and B produced intense narrow-band noise with frequencies corresponding to the respective vortex shedding frequencies.
Measurement results of aerodynamic noise generated from the cylinder
Figure 4 (a) shows that Types C, D, and E, consisting of a core cylinder and porous urethane, generated no narrow-band noise, and that their overall noise levels were far lower than those of Types A and B. The aerodynamic noise level generated from Type B was higher than that from Types C, D, and E. This implies that noise level reduction cannot be achieved by simply having the outside diameter equal to that of cylinders covered with porous materials.
For Types D and E (made of #8 and #13 porous urethane, respectively), noise levels above 8 kHz band tend to increase compared to Type C (made of #20 porous urethane). On the other hand, noise levels below 6.3 kHz band tend to decrease compared with Type C. This result suggests that #13 is the best, since noise levels below 6.3 kHz are low and those above 8 kHz are limited. Therefore, only #13 porous materials are addressed hereafter.
Figure 4 (b) shows the notable result that Types D and F have identical aerodynamic noise characteristics. The only difference between these cylindrical specimens is the type of material used-porous urethane and porous metal, respectively. The results indicated that aerodynamic noise reduction is not affected by the hardness of the porous materials, and hence porous metal with high durability against weathering is preferable, and can be widely used in railway vehicles. Fig. 4 (b) also shows that porous materials have the same or a superior aerodynamic noise reduction effect in comparison to fur materials.
As aerodynamic noise generation from bare cylinders is attributed to large-scale vortex shedding (2) , the application of porous materials is effective in reducing such noise.
Application to a high-speed pantograph
High-speed pantograph and installation of porous material
In this section, we discuss the results of application of porous material to the high-speed pantograph. We apply porous material made of metal (porous metal) to the high-speed (11) shown in Fig 5 (a) .
Porous metal covers fiberglass reinforced plastic cover surfaces and the bottom side of the base frame of the high-speed pantograph as shown in Fig. 5 (b) . Note that the shape of the pantograph has not been modified. The reasons to select these members to cover with porous metal are that they have little influence on current collection performance of the pantograph and safety problems in actual use, such as the damage of porous metal caused by a contact loss arc or external force, hardly occur. Additionally these areas on the pantograph are easily accessible for installation and removal of the porous materials.
In the wind tunnel tests and field tests, we used three conditions of pantographs, described as follows. In all the cases where porous metal was added, the thickness of the porous metal was 10 mm (for application to base frame cover and bottom side of the base frame) and 5 mm (for application to main shaft cover, hinge cover, and panhead support cover).
Case 1: Without porous metal (original high-speed pantograph, see Fig. 5 (a)) Case 2: Applying porous metal to base frame cover and bottom side of base frame (main shaft cover, hinge cover, and panhead support cover are normal covers.) Case 3: Applying porous metal to base frame cover, bottom side of base frame, main shaft cover, hinge cover, and panhead support cover (see Fig. 5 (b))
Outline of wind tunnel tests
We conducted the wind tunnel tests in the same wind tunnel as described in Section 3. Figure 6 shows a view of the experimental assembly. We measured aerodynamic noise with an omnidirectional microphone (RION UC-31) at a position 5 m away from the pantograph, and noise source distributions with a microphone array system, which is 4 m in diameter and consists of 66 microphones (12) , at a position 6 m away from the pantograph. Both measurements were conducted at a wind velocity of 360 km/h (100 m/s). A type of pantograph called "single-arm pantograph" is used in the two directions-"knuckle upstream direction" and "knuckle downstream direction" (Fig. 7) . The wind tunnel tests were conducted on Case 1, Case 2, and Case 3 in each pantograph direction. The pantograph, in actual use conditions (see Fig. 13 ), raises its arms and contacts the overhead wire when used in knuckle upstream direction. In knuckle downstream direction, the pantograph lowers its arms and does not contact the overhead wire. We conducted the wind tunnel tests in both knuckle upstream and downstream directions according to actual use conditions.
(a) Knuckle upstream direction In the case of knuckle upstream direction ( Fig. 8(a)) , the overall noise level in Case 2 was 0.4 dB lower than that in Case 1. The spectrum indicated that the noise level in 315 Hz band was reduced remarkably with the use of porous metal. This noise is mainly generated from insulators (that is clear from other wind tunnel test), and the porous metal possibly affect the flow around insulators, thus reducing the noise generated from the insulators. The overall noise level in Case 3 was 0.4 dB and 0.8 dB lower than that in Case 2 and Case 1, respectively. The spectrum in Case 3 was slightly lower than that in Case 2 in the frequency range 1-10 kHz band.
In the case of knuckle downstream direction (Fig. 8(b)) , the overall noise level in Case 2 was 1.5 dB lower than that in Case 1. The overall noise level in Case 3 was 0.4 dB and 1.9 dB lower than that in Case 2 and Case 1, respectively. The spectrums in Case 2 and Case 3 were remarkably lower than that in Case 1, below 1 kHz band. The effect of porous metal was significantly greater in knuckle downstream direction as compared to knuckle upstream direction. The difference is evident from the reduction of noise generated from the panhead in addition to the reduction of noise from the insulators in 315 Hz band.
Figures 9 and 10 show comparisons of noise source distributions (i.e., sound pressure level) in Case 1 and Case 3 in the frequency range 1-1.25 kHz band, which were measured with the microphone array system.
In the case of knuckle upstream direction (Fig. 9) , sound pressure levels around the panhead and the main shaft cover in Case 3 were reduced compared to those in Case 1. In particular, the reduction of sound pressure level around the main shaft cover was substantial.
In the case of knuckle downstream direction (Fig. 10) , sound pressure levels around the panhead and the hinge cover in Case 3 were remarkably reduced compared to those in Case 1. Although the porous metal was not applied to the panhead, sound pressure level around the panhead was still reduced. In the case of knuckle downstream direction, the panhead and the hinge cover are close to the base frame cover, because the pantograph lowers its arms in knuckle downstream direction. Therefore, aerodynamic interaction between panhead or hinge cover and base frame cover can be induced, and this phenomenon can cause strong aerodynamic noise. In our understanding, porous metal can weaken aerodynamic interaction and reduce aerodynamic noise as a result. The conceivable reason why porous metal can weaken aerodynamic interaction is that flow velocity in the vicinity of the surface of open-cell porous materials slows by suction and blow (13) , and the panhead is exposed to low velocity flow. As a result, vortices shed from the panhead are reduced or broken and aerodynamic interaction is weakened.
Our results indicate that the application of porous material is effective in reducing aerodynamic noise caused by the high-speed pantograph. Since an advantage of this method is aerodynamic noise reduction with little modification of object shape, we consider that this method can also be applied to existing vehicles, machines, and devices that emit aerodynamic noise.
Combination of shape simplification with porous material in pantographs
Concept of shape simplification
In this section, we introduce an example of combination of shape simplification and porous material. In Section 4, we applied porous material to the high-speed pantograph with little shape modification. As described earlier, although the principal advantage of applying porous materials is that the object's shape does not need to be modified, it might often be difficult to process such porous materials, in particular high-strength porous metal, in the shape of the target object. Therefore, we investigated the possibility of aerodynamic noise reduction in the case of a simple object shape such that the materials can be processed comparatively easily. We modified a part of the shape of a high-speed pantograph into simple shape, applied the materials to it, and conducted the wind tunnel test.
Shape simplification and installation of porous material
Figure 11 (a) shows another type of high-speed pantograph, different from the one described in Section 4. The differences between these pantographs are the structure of the base frame and the position of the low-noise insulator. A part of shape simplification is the base frame cover of the pantograph as indicated by broken circle in Fig. 11 (a) . Fig. 11 (b) is the simplified shape of the base frame cover without the porous materials. Although the simplified shape is similar to the current cover, there is no curved surface and it consists of flat planes. In general, such a bluff shape generates louder noise than a curved shape, which is a streamlined shape.
We applied porous urethane to the entire surface of the current and the simplified base frame covers, as shown in Fig. 11 (c) and (d) , respectively. The panhead support cover and the hinge cover were also installed with the porous metal and porous urethane, although their shapes are not changed. We used mainly porous urethane instead of porous metal used in the tests discussed in Section 4 because we only investigated the possibility of aerodynamic noise reduction.
Wind tunnel test
We conducted the wind tunnel tests in the same wind tunnel using almost the same setup with the omnidirectional microphone described in Section 4. We measured aerodynamic noise with the omnidirectional microphone at a wind velocity of 360 km/h (100 m/s).
This pantograph is also referred to as "single-arm pantograph," and it runs in two directions, similar to the pantograph described in Section 4. However, here we conducted the wind tunnel tests only in knuckle upstream direction. Figure 12 shows comparisons of the aerodynamic noise level measured with the omnidirectional microphone. As described in Section 5.2, a bluff shape generates louder noise than a streamlined shape in general. However, Fig. 12 shows that aerodynamic noise characteristics of both the current and the simplified types are little different. The reason of the phenomenon is that the dominant noise source of this pantograph exists in the center of base frame (14) . Figure 12 also shows aerodynamic noises generated from both the types were reduced by the application of porous material. Because the dominant noise source became smaller, aerodynamic noise characteristics should have been different between both the types. However, the aerodynamic noise reduction with porous material was almost equal in both the types. This result indicates that even if an object's shape is bluff shape as a result of simplification, aerodynamic noise can be reduced with the application of porous materials. Moreover, this result can be extrapolated to indicate that if porous material is applied to different types of pantographs, aerodynamic noise can likewise be reduced. In our understanding, the reason that the simplified type with porous material can also reduce aerodynamic noise is suppression of unsteady vortices motions. Reference (9) shows unsteady vortices motions behind the cylinder are suppressed by applying porous materials and aerodynamic noise from cylinders is reduced. It is conceivable that the same phenomenon occurred in this test.
Materials such as high-strength porous metal can be processed comparatively easily for shapes that have no curved surfaces; therefore, when processing of the materials is difficult, a simplified object shape can be selected. Furthermore, a simplified object shape with porous materials can also be selected when the shape needs to be changed in terms of functionality or design. Some degree of flexibility in object shape selection can be an advantage in the design of vehicles, machines, and devices that generate aerodynamic noise.
Field test of the high-speed pantograph with porous metal
Outline of field tests
To investigate noise reduction in actual use conditions, we conducted field tests with a high-speed testing train that consists of six cars (11) . Figure 13 shows outline of the high-speed testing train and position of the pantographs. The high-speed pantographs, as described in Section 4, were installed on the high-speed testing train according to conditions described in Table 2 (the one described in Section 5 is not used). We conducted field tests from October to December 2007. Photos in Fig. 13 show one example of installation of the high-speed pantographs. We measured peak noise levels corresponding to the pantograph with a one-dimensional microphone array system
(1) and noise source distributions with a two-dimensional microphone array system that consists of 128 microphones (15) for evaluation of noise reduction. The one-dimensional microphone array was placed 25 m away from the center of a 
track as shown in Fig. 14 , and the two-dimensional microphone array was placed 10 m away from the center of the track as shown in Fig. 15 . We executed measurement with them on the same day but at different places. Figure 16 shows comparisons of the pantograph's peak noise level measured with one-dimensional microphone array. Broken lines in Fig. 16 are regression lines of respective cases under a supposition that acoustical power of pantograph noise is proportional to the sixth power of train speed.
Field test results
In the case of knuckle upstream direction ( Fig. 16 (a) ), the peak noise levels in Case 2 and Case 3 were reduced by roughly 1 dB or 2 dB compared to that of Case 1. The efficacy of the porous metal was thereby confirmed in the actual use conditions. However, peak noise level of Case 3 was higher than that of Case 2. This result was different from those of the wind tunnel tests. In the case of knuckle downstream direction (Fig. 16 (b) ), we could not confirm any substantial effect of porous metal; on the contrary, peak noise levels in Case 2 and Case 3 were higher than that in Case 1. These results contradicted with those from the wind tunnel tests. Figure 17 shows a comparison of the noise source distributions (i.e., sound pressure 
.
Therefore, acoustic power of quadrupole sound is proportional to T -7/2 and that of dipole sound is proportional to T -5/2 . In this field test, the temperature in November and December was approximately 0°C and that in October was approximately 15°C. Estimating influence of difference in temperature on noise level from Eqs. (5) and (6), quadrupole sound is 0.8 dB and dipole sound is 0.6 dB. Then influence of temperature to pantograph noise is around 1 dB.
Besides the influence of those factors, we could not acquire enough measurements in the field test to determine statistical accuracy; therefore, we consider the measurement accuracy of our field test to be insufficient.
Conclusions
In this paper, we proposed application of porous materials to the high-speed pantographs to reduce aerodynamic noise, and investigated its effect by the wind tunnel tests and field tests. As a result, the following major conclusions were obtained: (a) Application of porous materials is very effective in reducing aerodynamic noise generated from a cylinder. (b) Application of porous materials is effective in reducing aerodynamic noise caused by a high-speed pantograph, as indicated by the results of the wind tunnel tests. (c) Aerodynamic noise can be reduced by application of porous material whether a target object shape is like streamline shape or not. Therefore, we achieved design flexibility in selecting an object shape to some degree based on functionality, processing, and other considerations, and were able to reduce aerodynamic noise generated from the objects. (d) Field test results indicated that the aerodynamic noise of a high-speed pantograph with porous material can be lower than the one without porous material. However, some of the field test results indicated that the application of porous material has little effect. These results contradict those from the wind tunnel tests. (e) The different results obtained in the field tests and the wind tunnel tests may be due to an insufficient number of measurements or due to uncontrollable factors that affect the field measurements.
This method can possibly be applied to not only railway vehicles but also other areas. We plan to attempt further reduction in railway aerodynamic noise using this method and other ones together. And we also plan to conduct another field test of the simplified base frame cover with high-strength porous metal. 
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